The paper aims at evaluating the potential biogas production, both in terms of CH 4 and theoretical energy potential, from globe artichoke agricultural byproducts in Sardinia. Field data about the productivity of byproducts were collected on five artichoke varieties cultivated in Sardinia, to assess the biomethane production of their aboveground non-food parts (excluding the head). Moreover, secondary data from previous studies and surveys at regional scale were collected to evaluate the potential biogas production of the different districts. Fresh globe artichoke residues yielded, on average, 292.2 Nm 3¨t DOM´1 , with dissimilarities among cultivars. Fresh samples were analyzed in two series: (a) wet basis; and (b) wet basis with catalytic enzymes application. Enzymes proved to have some beneficial effects in terms of anticipated biomethane availability. At'the regional level, ab. 20ˆ10 6 Nm 3 CH 4 could be produced, corresponding to the 60% of current installed capacity. However, districts potentials show some differences, depending on the specific biomass partitioning and on the productivity of cultivated varieties. Regional assessments should encompass the sensitiveness of results to agro-economic variables and the economic impacts of globe artichoke residue use in the current regional biogas sector.
Introduction
In the last decade, Europe witnessed a fast-paced growth of the biogas sector, which rapidly became the fourth renewable energy source, contributing with more than 52ˆ10 12 Wh of electricity produced in 2013. Germany and Italy are regional leaders, especially in the agricultural biogas subsector [1] . European and, more importantly, national legislative frameworks proved crucial in fostering this growth and its features [2] . In Italy the introduction of a large feed-in tariff in 2009 led to an rapid increase in the number of plants [3] with a homogenization of size, technologies, and feedstock towards 1 MW plants fed with energy crops and manure [3, 4] .
However, this specific pattern provoked several criticisms and problems. In fact, the use of dedicated crops for first generation biofuel has been accruing the competition for resources between food, feed, and fuel [5] [6] [7] [8] [9] . This also happened in the case of biogas from energy crops. For example, German production has been reputed to have a significant consequence in terms of European and global prices and land use change [2] . Additionally, at the farm level, the need to substitute maize directed towards energy production led to increased consumption of concentrated feed or to marginal land use change [10] . Furthermore, anaerobic digestion (AD) of energy crops usually present negative environmental impacts, deriving from the use of fossil fuel and chemical fertilizer during their cultivation [11] [12] [13] .
The Italian government extensively revised its renewable energy policy, lowering feed-in tariffs for electricity generated from biogas. In particular, higher incentives are now assigned only to plants with a small size (0-300 kW) and fed with residual feedstock, such as agro-industrial byproducts [14] . The use of these biomasses is in fact reputed to decrease the biogas-related land use [15, 16] , its competition with food and feed [10] , as well as associated environmental impacts [11] and feeding costs [17] . It delivers improved waste management [18] and a potential source of energy for agro-food systems, reducing their fossil fuel dependence [19] . Furthermore, the use of local residual biomasses allows the creation of new value chains from neglected territorial resources or income diversification possibilities for existing agro-industrial economies [4, [20] [21] [22] . For this reason, various studies verified the promising potential of residues from tomato [23] , potato [24] , beet pulp [25] , and citrus [26] .
Globe artichoke (Cynara cardunculus L. var. scolymus) is a variety of thistle diffusely-cultivated as food, especially in Mediterranean countries. Italy represents the main producer, covering almost one third of the global market with ca. 540,000 t produced [27] , and Sardinia is one of the leading regions, with ca. 11,000 ha in 2015 [28] . Artichoke cultivation is aimed at the harvest of the large and fleshy flower buds. Thus, the farming segment is characterized by a large share of residuals, comprised between 80% and 85% of the aboveground biomass, depending on cultivars, final use of edible parts, and agricultural practices [29, 30] . Most of this aboveground biomass is either burned or buried, as it is not considered valuable.
Globe artichoke is a promising double-purpose crop, as residues from its supply chain could represent an interesting feedstock for bioenergy and biorefineries [31] [32] [33] [34] [35] . Furthermore, the Sardinia region included artichoke among the regional biomass supply chains for anaerobic digestion [36] . However, only little research aimed at verifying the biomethane potential (BMP) of artichoke residues, mainly from the processing phase. An early study analyzed processing wastes from a food industry treating artichokes [37] , in co-digestion with cattle manure. More recently, Ros et al. [38] evaluated the effects on BMP of the insertion of fresh artichoke waste in the AD of fruit and vegetable processing sludge. Another study aimed at assessing the high solids AD, using artichoke industrial waste in co-digestion with other feedstock and sewage sludge [39] . Fabbri et al. [40] verified the anaerobic digestibility of artichoke processing waste through a series of batch tests with different inoculum/substrate ratios. Finally, a recent research by Scano et al. [41] evaluated the potential performance of a full-scale power plant fed with various fruit and vegetable wastes from a wholesale market, including artichoke byproducts.
So far no study specifically analyzed the BMP from artichoke crop residues. Only Oliveira et al. [42] analyzed the chemical composition and the biogas potential of Cynara cardunculus L. stalks, without indicating the variety. Therefore, the main purpose of this study was the evaluation of the biogas potential of different cultivars of globe artichoke and the estimate of the related energy potential in the Sardinia region.
Materials and Methods

Field Trial
A field trial was carried out at the experimental farm of the University of Sassari to evaluate the residual biomass potential of five varieties of globe artichoke. The experiment was located in Ottava (Sassari, Italy) (40˝43 1 N, 80 m a.s.l.), during the 2013/2014 and 2014/2015 growing seasons. The climate is Mediterranean with mild winters, yearly average precipitation is around 554 mm, and annual average temperature is 17˝C. The soil is sandy-clay-loam overlaid on limestone (Xerochrepts), with an average N content of 0.76 , and a C/N ratio of 12. The soil organic carbon (SOC) content was 1.97 and 1.69 for the 0-30 cm and the 30-60 cm soil layers, respectively. Soil pH was 8.3. The soil water contents at field capacity and wilting point were 22.4% and 11.9% (on a dry weight basis), respectively. 
Plant Material and Crop Management
Planting date was anticipated at the end of July, to reflect the usual practice in Sardinia, where globe artichokes are planted earlier so to compete in the early winter fresh market. The five cultivars studied (C3, Madrigal, Spinoso sardo, Tema, and Violetto) comprised the most widely grown and the highest-performing recent releases (e.g., Madrigal). Each plot consisted of four 28 m long rows, and was set out as randomized complete block design with four replicated blocks. The globe artichoke plants were grown at a distance of 1.4 m between and along the rows (8000 plants ha´1). As for common agronomic practices, fertilizer, and irrigation were applied to prevent any nutritional or water stress. Weeds, pests, and diseases were chemically controlled according to the conventional practice.
Data Collection and Analysis
Heads were collected monthly to detect fresh production for each variety and block. Every year, at the end of harvest for the fresh market, 20 plants (one plant per variety per block) were collected from the middle of the two central rows to avoid edge effects. Harvested plants were weighed in the field to determine fresh residual biomass yield. Fresh samples of each plant were coarsely ground in a Stihl Viking GE250 (Milan, Italy) mill, and homogenized to a particles size of 5 cm. After milling, they were stored under vacuum until analysis. All results were expressed as means and standard deviations of four replicates. Data for heads and byproducts yields were subjected to analysis of variance (ANOVA) using the GLM procedure of SAS statistical software (v. 9.3 SAS Institute, Cary, NC, USA). Mean comparisons were carried out with a Tukey HSD (Honestly Significant Difference") post hoc test [43] .
Biomethane Potential Testing
One fresh sample for each of the five cultivars was collected for BMP testing after the end of harvest in the year 2014/2015. An early chemical characterization was carried out to assess dry matter (DM) and organic dry matter (DOM) content on wet basis. BMP testing was performed under two test conditions: (A) wet basis; and (B) wet basis with application of catalytic enzymes. This pretreatment is commonly adopted to improve the biodegradability of lignocellulosic feedstocks [44] , where the hemicellulose and cellulose contents are higher than 30% (in dry weight basis), such as in globe artichoke [45] . As other biological pretreatment, it does not require the installation of further equipment on existing plants. Furthermore, it allows reducing electricity self-consumption, thanks to an improvement of the fluidity during the mixing process [46] . The non-GMO enzyme preparation used contained cellulase, xylanase, beta-glucanase, and other carbohydrase activities originating from a selected strain of Trichoderma reesei [47] .
Biomethane potential trials were performed in batch reactors with a 31-days test time, under mesophilic condition (39˝C). For each sample, the optimal substrate/inoculum ratio was defined according to the VDI 4630 standard [48] . Every sample was investigated in triplicate and homogenized in order to ensure comparable results in every experiment. The AD was carried out in 0.5 L vessels, mixing the content on a daily basis, to guarantee the steady degradation of the organic substances.
Biogas production was measured on a volumetric basis using an eudiometer [49] . The measured gas volume was then converted to dry conditions to allow the comparability with literature values. At every volume measurement, methane content was measured using gas chromatography. The biogas analyzer was characterized by a sensitivity of˘1% for content percentages between 0.25%-80.00% v/v.
Finally, a statistical analysis was performed using ANOVA followed by a Tukey HSD post hoc test for both conditions (A and B) [43] .
Geo-Database Development at the Regional Scale
Data on the regional production were obtained by elaborating information provided by previous studies carried out at district level, as reported in Table 1 . Experimental data on agronomic features (heads and byproduct yields) of the five cultivars (Table 2) were confirmed by in-depth Energies 2016, 9, 92 4 of 11 interviews to representatives of regional sectorial agencies for rural and agricultural development and regional agricultural research institutions [50] [51] [52] . Based on Raccuia et al. [30] , possible differences in biomass composition deriving from site-specific conditions were considered as negligible in respect to differences related to genotypes characteristics. The theoretical biomethane potential at the regional level was assessed with reference to 2015, based on: agronomic byproduct yield measured over the two-year period and confirmed by expert interviews; BMP test results of the sample collected in 2015; and district characterization (Table 1) . Estimated ranges of biomethane yield per ha of the i-esime cultivar byproducts (BMC i ) were calculated basing on BMP results and the amount of residues. Then, BMC i was combined with the amount of ha cultivated per each cultivar and district. It must be noted that, given their seasonal availability, the use of artichoke byproducts in real-scale biogas plants would be in co-digestion with other feedstocks. Thus, territorial extrapolations should be carefully regarded as theoretical estimates. Nonetheless, energy considerations on a regional scale are particularly useful, especially from a policy-maker perspective [3] . Therefore, ranges of estimated biomethane potentials per district (BMM j ) were calculated and geo-referenced on the administrative (Local Administrative Unit-LAU2) scale of Sardinia, using Q-GIS®(Pisa v. 2.0). The resulting multi-layered map contains information on both the quantitative theoretical potential per district and the contribution of cultivars, in order to identify the most promising districts.
Results and Discussion
Difference between Cultivars
The best performing cultivar in terms of byproducts yield (Table 2) was Madrigal. This is a vigorous late hybrid characterized by a long growing cycle and a short heads harvest period (from April to May). The most common cultivar in Sardinia, Spinoso sardo, showed a statistically significant low byproduct yield, since it is characterized by an early and long harvest period (from November to March) and, as a consequence, by an early senescence phase. Violetto showed an overlapping cycle to Spinoso sardo, but a statistically significant lower byproduct yield.
Furthermore, these figures can be considered in line with previous generic estimates referred to Sardinia. In fact, if results from Table 2 are weighed on the regional cultivar composition (Table 1) it is possible to derive an average byproduct yield equal to 40.1 t¨ha´1, which is slightly above the 35 t¨ha´1 reported by Scano et al. [36] , without detailing the varieties. The average DM content of the five varieties was largely below the 40%, which is commonly suggested as threshold value for AD feeding [53] . Moreover, DOM percentages approaching 90% anticipate the suitability of artichoke for biogas production [54] . In fact, based on results shown in Table 3 , the BMP value (test condition A) is on average equal to 292.2 Nm 3¨t DOM´1 , which is ca. 21% lower than figures referred to fiber corn [55] and 25% lower than averages referred to maize silage [56] . However, artichoke residues should be compared with other regionally available byproducts. For example, they have a theoretical BMP per t DOM that is 34% higher than tomato skins and seeds, and similar to wasted tomatoes [23, 53] .
These results are also in line with Fabbri et al. [40] , which assessed the anaerobic digestibility of processing waste, through a series of 40-day batch tests with different inoculum/substrate ratios. Their results suggest how cumulative biomethane production reaches almost a steady state after the 31st day, with a BMP mean value of 325.0˘65.6 Nm 3¨t DOM´1 . This figure is slightly higher than results reported in Table 3 , likely due to a larger share of DOM in their substrate. In fact, being fresh artichoke industrial waste, samples were composed of leaves and external bracts of heads, rather than leaves and stalks. It is not possible to consistently compare the results of this study with other research, as most of them focused on the co-digestion of processing byproducts with other feedstocks [37] [38] [39] , while Oliveira et al. [42] analyzed the biogas potential of stalks, without specifying the variety. When comparing BMP results of the different cultivars (test condition A), it is possible to identify some basic features. First of all, C3 and Tema cultivars showed the highest value (304.0 Nm 3¨t DOM´1 ) but this difference was not statistically significant in comparison with Madrigal and Spinoso. Violetto had a significantly lower performance (259.9 Nm 3¨t DOM´1 ) than other cultivars. However, results are slightly different when BMP is referred to wet weight, as Spinoso is able to produce only 43.7 Nm 3¨t´1 due to its lower DOM content. For the same reason, C3 seems to be the most promising cultivar also on a wet weight basis, reaching 59.6 Nm 3¨t´1 .
As for test conditions B, on average it was not possible to observe a significant positive effect on BMP (295.2 Nm 3¨t DOM´1 ). When compared to results under test conditions A, there is a +1.1% increase in terms of the biomethane yield. In other words, this confirms that catalytic enzymes could be used to reach only a marginal saving in terms of feedstock consumption [46] .
However, some differences could be detected among the five cultivars. Spinoso sardo, Violetto, and Tema showed a positive effect of enzymes on BMP (+4.0%, +1.9%, and +1.0% respectively), while Madrigal and, especially, C3 were negatively affected (´0.3% and´1.3%). This could be related to the higher lignin content of byproducts of the latest two cultivars [44] . It must be noted how enzymes generally increased the variability of BMP values for all cultivars with the exception of Tema, and reduced the distance between Violetto and other cultivars, except for Spinoso sardo.
This aspect could be also highlighted by the differences between cumulative trends under test conditions A and B. In fact, as shown in Figure 1 , under test conditions B, BMP rates appeared to be enhanced mostly during the early days while, afterwards, trends start to follow similar patterns. In other words, catalytic enzymes addition could allow anticipating the biomethane availability in comparison with test conditions A. This confirms the potential application of this pretreatment in the co-digestion of artichoke residues with slowly biodegradable biomasses, such as livestock waste [44, 53] . [44, 53] . As shown in Table 4 , with respect to BMCi, differences between cultivars reflect the amount of byproducts per ha. Results are presented in separate columns because, as mentioned, there is a different effect of enzymes among varieties (Table 3) , which is relevant for AD plant owners that plan the co-digestion of artichoke byproducts with or without this pretreatment. Thus, Madrigal represents, by far, the most promising variety of globe artichoke, generally because of the high quantity of residual biomass. On the other hand, Violetto seems less favorable, due to its low As shown in Table 4 , with respect to BMC i , differences between cultivars reflect the amount of byproducts per ha. Results are presented in separate columns because, as mentioned, there is a different effect of enzymes among varieties (Table 3) , which is relevant for AD plant owners that plan the co-digestion of artichoke byproducts with or without this pretreatment. Thus, Madrigal represents, by far, the most promising variety of globe artichoke, generally because of the high quantity of residual biomass. On the other hand, Violetto seems less favorable, due to its low performance both in terms of residual mass and BMP. Nonetheless, these figures should be carefully regarded as Energies 2016, 9, 92 7 of 11 a preliminary assessment, due to the potential regional variability of actual climatic and agronomic conditions. Furthermore, it must be highlighted how these varieties also have quite different head yields, harvest periods, marketability, and final use. Therefore, the potentiality of the specific cultivar as a double purpose crop could also be not sufficient to influence farmers cropping decisions (see Tables 1 and 2 ). Bioenergy potential differences could in the future have some influence on these choices: for example farmers owning biogas plants or nearby artichoke producers could decide to crop Madrigal or Tema, not only for their food production but also for their energy potential. 
Regional Assessment
The theoretical biomethane potential from artichoke residues in the different districts is reported in Table 5 , while Figure 2 geographically represents the districts with the respective cultivar contributions on biomethane potential. At the regional level, ca. 20ˆ10 6 Nm 3 CH 4 could be produced, corresponding to 60% of current installed capacity, roughly 10 biogas plants with 1 MW of nominal power. D2 and D4, which have the largest amount of land under cultivation, could naturally be also important areas of feedstock supply for biogas plants. Combined, they might represent the 60% of the total regional potential, while another 18% could be sourced from D1. The current 1050 ha cultivated in D3 could then provide ca. 2.6ˆ10 6 Nm 3 , while D5 would produce only 1.6ˆ10 6 Nm 3 , which is ca. 8% of the total. However, districts are characterized by diverse mean biomethane potentials per ha, considering the share of different cultivars. Districts with analogous characteristics can be more or less promising for the development of an artichoke-related biogas sector, depending on the cultivars commonly cultivated. For example, the amount of land cultivated with artichoke in D5 and D3 is the same (see Table 1 ). Nevertheless, the contribution from Madrigal and Tema in D3 creates a large gap in the biomethane potential, due to their higher BMC i . Similarly, D2 has almost the same potential as D4 with a 15% larger surface, but cultivated with a higher share of Spinoso sardo. The estimate here provided is strongly sensitive to variations of the surface cultivated with specific globe artichoke varieties, which depends on several agronomic, climatic, and economic factors.
In general, the artichoke agricultural system could benefit both as supplier of feedstock and as potential energy "prosumer" (producer and consumer). Likewise, biogas plants owners could rely on a local resource and substitute or integrate energy crops, at least during harvest periods. Furthermore, the replacement of silage corn with fresh or ensiled artichoke byproducts could be a significant option in the Mediterranean context, where summer energy crops are irrigated. Indeed, this substitution Energies 2016, 9, 92 8 of 11 might reduce the irrigation water consumption for no-food crops. Furthermore, the residual biomass exploitation for biogas production would be an added value with respect to the optimization of nitrogen use. Since nitrogen fertilization is a standard agricultural practice for artichoke fresh market production, the residual biomass does not require the additional nitrogen supply that is, instead, a critical factor in energy crops balance.
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Conclusions
The results of this research confirmed the potential double purpose for globe artichoke, with a promising application as feedstock for anaerobic digestion. Fresh residual biomass can be harvested and effectively utilized in operating biogas plants, allowing the integration of food and fuel 
The results of this research confirmed the potential double purpose for globe artichoke, with a promising application as feedstock for anaerobic digestion. Fresh residual biomass can be harvested and effectively utilized in operating biogas plants, allowing the integration of food and fuel production and a potential optimization of land use. There is some variability in the biomethane potential Energies 2016, 9, 92 9 of 11 among the different cultivars. Madrigal and Tema are more suitable than Spinoso sardo or Violetto. This difference is due to both chemical characteristics of the residues and their yield per ha.
However, it must be underlined how farmers' choices related to varieties are determined by food market trends and agronomic features of cultivars. Another interesting aspect is that these differences among cultivars lead to dissimilar potentialities at the territorial level.
In general, our findings suggest that globe artichoke could have a major role in the Sardinian biogas sector, supplying up to the 60% of the total installed capacity. Regional policies and strategies should, therefore, encourage the sustainable use of globe artichoke byproducts in local bioenergy supply chains. Further research should assess the potential for the ensiling process of fresh artichoke byproducts in order to reduce its seasonality and optimize the substitution of energy crops use in existing AD plants.
Finally, a reliable regional assessment should carefully consider the sensitiveness to agronomic and economic variables, as residual biomass harvesting and transport costs. Further research should aim at assessing the economic impact of the use of these byproducts in the existing regional biogas sector, with a focus on energy crop substitution and supply chain optimization.
